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Abstract Using ensemble empirical mode decomposition
(EEMD) for detecting the interdecadal changes in the East
Asian winter monsoon (EAWM), this study identifies that
the intensity of the EAWM experienced remarkable transition around mid-1980s and late 2000s: a strong period (P1,
1960–1986), a weak period (P2, 1987–2007), and a strong
period (P3, 2008–2015). A distinctive cold (warm) surface
temperature anomaly is found over the Eurasian continent
including East Asia, and cold (warm) sea surface temperature (SST) anomalies are present over the North Pacific (NP)
during P1 (P2). In contrast with P1, the EAWM is characterized by a large temperature difference between Eurasian
continent and NP, and a negative Pacific Decadal Oscillation
(PDO)-like SST anomaly pattern is found over the NP during P3. During three periods, the Siberian high (SH) plays
an important role in deciding the intensity of the EAWM.
In addition, the EAWM exists under the influence of an
enhanced atmospheric circulation associated with a positive North Pacific Oscillation (NPO) and a negative PDO
during P2 and P3, respectively. Accordingly, to recognize
the relative importance of each combined effect which it differs for times, the combined effect of SH and NPO (SH and
PDO) variability on the weakening (strengthening) EAWM
is explored during P1 and P2 (P2 and P3). Consequently,
while the atmospheric variabilities of SH and NPO bring
about the weakening of EAWM after the mid-1980s, the SST
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variability related to PDO with the SH variabilty is involved
in the strengthening of EAWM in recent decade.
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1 Introduction
The East Asian winter monsoon (EAWM) is one of the most
energetic components of the global climate system (Huang
et al. 2007; Ha et al. 2012; Hu et al. 2015). It is closely
related with large-scale atmospheric circulations such as the
Siberian high (SH), Aleutian low (AL), East Asian trough,
and East Asian jet stream (Thompson and Wallace 1998; Ha
et al. 2012; Lee et al. 2013). The sea surface temperature
(SST) anomaly plays an important role in changing these
atmospheric circulations (Zhang et al. 2011, 2015; Sun
et al. 2016b). Anomalous anticyclonic (cyclonic) circulation
over the Philippine Sea induced by El Niño (La Niña) SST
anomalies leads to a weak (strong) EAWM, which results
in more (less) frequent extreme precipitation in Southeast
China (Zhang et al. 2015). On the other hand, the SST can
be influenced by these atmospheric circulations and oceanic
process (Yeh and Kim 2010; Park et al. 2012; Chen et al.
2015). Chen et al. (2015) showed that the EAWM can induce
SST changes in the western North Pacific through both surface heat flux and oceanic advection change.
Climate variability operates on different spatial and temporal scales by nonlinear interactions between the atmosphere and ocean (Latif and Barnett 1994; Zhou et al. 2007).
The EAWM has significant temporal variation on interannual and interdecadal time scales (Jhun and Lee 2004;
Ha et al. 2012; Lee et al. 2013). Considerable efforts in
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previous studies have been made to recognize significant
interdecadal variations in the EAWM, and these results
showed that the intensity of the EAWM underwent a transition from a strong regime to a weak regime around the
mid-1980s (Jhun and Lee 2004; Yeh and Kim 2010; Lee
et al. 2013; Kim et al. 2015). There are several physical
processes associated with interdecadal variations. Yasunaka and Hanawa (2002) demonstrated that this transition is not linked to changes in tropical Pacific SST. The
Arctic Oscillation (AO) is associated with the intensity of
the EAWM on decadal time scales (Jhun and Lee 2004;
He 2013), and global warming is also considered one of
the possible causes that impacts the decadal transition of
the EAWM (Hori and Ueda 2006). Yeh and Kim (2010)
showed that the EAWM tends to be weaker when the North
Pacific Oscillation (NPO) is in a positive phase and that the
NPO entered a positive phase in the mid-1980s. Lee et al.
(2013) demonstrated that the robust warming over East Asia
(EA) after the mid-1980s is attributable to anomalous warm
advection, which is enhanced by the NPO-like sea level
pressure (SLP) pattern. Recently, Kim et al. (2015) suggested that an enhanced and expanded Ferrel cell circulation
may induce strong anomalous southerly surface winds over
EA. Meanwhile, some studies have suggested that severe
low temperature events in mid-latitude Eurasia frequently
occurred in the recent decade (Wang and Chen 2010; Jeong
et al. 2011; Lu et al. 2016). Pak et al. (2014) suggested that
the latest regime shift around 2010 was detected in several
climate indices, including EAWM, SH, and AO. What is the
dominant role in interdecadal variations of EAWM? The
SH has more direct and significant effects on the EAWM
than the AO, especially on SLP and northerly winds along
the coast of EA (Wu and Wang 2002). Gong and Ho (2002)
mentioned that the SH can account for more than half of the
variance in temperature over the EA, together with the AO.
The SH has a pronounced weakening trend from the 1980s
to the 1990s (Gong and Ho 2002; Panagiotopoulos et al.
2005), and since then this declining trend turned to positive
(Jeong et al. 2011). Jeong et al. (2011) demonstrated that
a re-amplified EAMW in recent decades is in accord with
recent recovery of the intensity of the SH. Nevertheless, the
physical processes associated with interdecadal variations
are not fully understood since the region of EA, which is
located between the Eurasian continent and the NP, can be
seriously affected by the pressure gradient between the two
regions.
In other words, the EAWM is a highly complicated nonlinear system that can be affected by nonlinear air-sea interactions (Zhou et al. 2007; Wu et al. 2011). Accordingly,
instead of using the conventional linear method, a nonlinear
and nonstationary approach is required to examine the interdecadal variations. Ensemble empirical mode decomposition
(EEMD) has been suggested to overcome the limitations of
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linear analysis in identifying climate change (Wu and Huang
2009) and has been widely applied to study climate change
(Qian et al. 2011; Wu et al. 2011; Jo et al. 2014; Ji et al.
2014; Qian and Zhou 2014). Using a temporal multiscale
analysis based on EEMD, Jo et al. (2014) showed that the
abrupt increase in SST off the east coast of Korea is connected with the increase observed in the NP, and seasonal
SST increases by at least a factor of two or more in winter
than in summer.
The objectives of this study are to detect interdecadal
variations of the intensity of the EAWM and to suggest their
possible processes for those changes. Section 2 of this paper
introduces the data and methods. In Sect. 3, spatial characteristics of interdecadal components during sub-periods are
represented. Section 4 explores possible causes of interdecadal changes, and, finally, Sect. 5 provides a summary and
discussion.

2 Data and methods
2.1 Datasets
Two datasets are primarily used here. National Centers for
Environmental Prediction-National Center for Atmospheric
Research (NCEP/NCAR) reanalysis dataset (NCEP1; Kalnay et al. 1996) is used for air temperature at a height of
2 m (T2m), SLP and horizontal wind at 850 hPa (UV850).
SST and latent heat flux (LHF) data with 1° × 1° horizontal
resolution are from the objectively analyzed air–sea fluxes
(OAFlux) project which uses a combination of satellite
retrievals and atmospheric reanalyses, and are available
after 1958 (Yu et al. 2008). Positive value of LHF indicates
a loss of heat to the atmosphere while its negative value
indicates a gain from the atmosphere. In addition, several
datasets are used to reduce uncertainty of the reanalysis data
in describing the interdecadal transition of EAWM (Table 1).
The analysis period is during the winter season from December 1958 through February 2016. The winter mean is calculated by averaging the monthly data of December, January, and February (DJF). Here the DJF of 1958 denotes the
1958/1959 DJF.
In this study, the EAWM index (EAWMI) is defined
using T2m anomalies over the EA (25–45°N, 105–145°E)
(Lee et al. 2013). Because this index uses temperature,
the positive values denote a weak monsoon and vice
versa. In order to explore the relationships between the
interdecadal variation of the EAWM and climate variability, three climate indices are examined: (1) the SH
index defined as the area-averaged SLP anomalies in the
region of 40–70°N, 60–140°E; (2) the NPO index defined
as the differences in SLP anomalies between 10–40°N,
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Table 1  Reanalysis datasets
used for change point detection

Dataset
a

NCEP1
NCEP2
ERA-interim
JRA55
MERRA2
a

1377

Institution

Resolution

Analysis period

Reference

NCEP/NCAR
NCEP/DOE
ECMWF
JMA
NASA

1.875° × ~1.904°
1.875° × ~1.904°
0.75° × 0.75°
1.25° × 1.25°
1.25° × 1.25°

1958–2015
1979–2015
1979–2015
1958–2015
1980–2015

Kalnay et al. (1996)
Kanamitsu et al. (2002)
Dee et al. (2011)
Kobayashi et al. (2015)
Bosilovich et al. (2015)

Horizontal resolution of variables except for 2 m air temperature is 2.5° × 2.5°

140°E-120°W and 40–70°N, 140°E-120°W; and (3)
the Pacific Decadal Oscillation (PDO) index, which is
obtained from the Joint Institute for the Study of the
Atmosphere and Ocean (JISAO) website at http://jisao.
washington.edu/pdo.
2.2 Detection of change points
The sequential t-test analysis of regime shifts (STARS)
algorithm (Rodionov 2006) and the procedure designed
by Taylor (2000) which uses a combination of cumulative sum charts and bootstrapping are applied for detecting
the change points. The STARS algorithm reckons the difference between the mean values of two successive time
periods of a given length, and its results are determined by
the cut-off length (l ), probability level (𝜌), and the Huber
weight parameter ( H ), which defines the range of departure from the observed mean beyond which observations
are regarded as outliers (Rodionov 2006). Taylor’s change
point detection (hereinafter referred to as CUSUM) is
known to be very useful for visually identifying change
points (Tian et al. 2008; Jo et al. 2014; Pak et al. 2014).
CUSUM is robust to outliers and can control the overall
error rate. In the procedures of CUSUM, the cumulative
sums of the time series are first calculated. And then, the
amplitude of the cumulative sums is estimated and bootstrapping analysis is performed. The probability of a shift
is determined based on the number of times that the simulated amplitude is superior to the observed amplitude.
Approximately a hundred thousand runs are performed
and the simulated time series is retained if their order-1
autocorrelation is higher or equal to the one observed in
the original time series.
2.3 Ensemble empirical mode decomposition
EEMD is an improved noise-assisted data analysis method
that overcomes the mode mixing problem of the traditional
empirical mode decomposition proposed by Huang et al.
(1998), and it uses information from the signal itself as an
adaptive one-dimensional data analysis method in comparison
with many traditional methods specifying a particular basis
function or frequency bands such as Fourier transform and

wavelet (Huang and Wu 2008). It means that EEMD is applicable to nonlinear and nonstationary nature that climate has.
On the account that EEMD has a temporally local characteristic, the variability of EAWM is possible to split into a finite
number of different oscillatory components with intrinsic
timescales, including interannual, decadal and multidecadal
scales, and a residual trend (Wu and Huang 2009). Therefore,
EEMD is applied to represent characteristics of interdecadal
variations in atmospheric and oceanic factors associated with
EAWM.
The procedures of EEMD are as follows.
Step 1: For the original time series x(t), add a white noise
series w(t)of finite amplitude.

x1 (t) = x(t) + w(t)
Step 2: Find the local maxima and minima of x1 (t), and
obtain the upper envelope eupper (t)and lower envelope elower (t)
using cubic splines to connect all the local maxima and
minima, respectively. And then, find the mean envelop m1 (t)
between eupper (t) and elower (t).

[
]
m1 (t) = eupper (t) + elower (t) ∕2
Step 3: Subtract m1 (t) from x1 (t) to obtain the first intrinsic
mode function (IMF). This step is called the sifting process.

h1 (t) = x1 (t) − m1 (t)
Step 4: View h1 (t) as new time series, and repeat steps 2 to
3 until that mk (t) is close to zero.
Step 5: When the sifting process is stopped, we can obtain
the highest frequency component hk (t)as the first IMF C1 (t).

hk (t) = C1 (t)
After C1 (t).is extracted, subtract it from x1 (t).

R1 (t) = x1 (t) − C1 (t)
If the residue R1 (t) still contains oscillatory components,
we again repeat steps 2 to 4 but with the new x1 (t) as the
R1 (t). In like manner, all the IMFs Ci (t) (i = 1, 2, 3, … , n)
can be repeatedly extracted from high to low frequency
component. When the Ri (t) is a monotonic or contains only
one extremum and IMFs can’t be extracted any more, the
procedures stop.
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Eventually, the x(t)can be expressed as:

x(t) =

n
∑

Ci (t) + Rn (t)

i=1

Step 6: Repeat steps 1 to 5 over and over, but with different white noise series. Where the number of repetition
indicates the ensemble number (M ).
Each time the steps are repeated, the
xm (t)(m = 1, 2, 3, … , m) can be expressed as:

xm (t) =

n
∑

Ci,m (t) + Rn,m (t)

i=1

Step 7: Obtain the ensemble means for the corresponding IMFs.

Ci (t) =

M
1 ∑
C (t)
M m=1 i,m

Statistical significance of decomposed components is
tested using the method proposed by Wu and Huang (2004).
Wu and Huang (2004) established a method of assigning
statistical significance of information content for IMF components from noisy data and derived the energy–density
spread function of the IMF components by deducing that
the product of the energy density of IMF and its corresponding averaged period is a constant and that the energy–density
function is chi-squared distributed.
In this study, the white noise with an amplitude 0.2 times
that of the standard deviation of the original data is added
and the ensemble number is 100. For more details, refer to
Wu and Huang (2009).

3 Interdecadal changes
3.1 EAWMI and its change points
Various definitions are being used to estimate the intensity
of the EAWM, but they have been verified through calculating the correlation coefficient with surface air temperature
over the EA (Chen and Sun 1999; Gong et al. 2001; Jhun
and Lee 2004; Lee et al. 2013; Hu et al. 2015; Oh et al.
2017). Surface air temperature is a good indicator of the
thermal state of the system and its variation is less relevant
to complex terrain unlike precipitation and surface winds
(Wang et al. 2010). Therefore, the EAWMI used in this study
implies the impacts of not only the monsoon but also SST
over the NP (Zhou et al. 2007; Park et al. 2012; Lee et al.
2013; Kim et al. 2013), and it provides help understand an
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Fig. 1  Times series of normalized EAWM index (EAWMI) (blue
bar) based on: a NCEP1, b NCEP2, c ERA-interim, d JRA55, and e
MERRA2 during December–February (DJF) for the period of 1958–
2015 (except for b, c 1979–2015 and e 1980–2015). The dotted gray
line denotes the cumulative sum of normalized EAWMI, and the red
line indicates the mean value for the periods before and after the significant shifts based on Rodionov (2006). For the regime shift determination, the following parameters are used: cutoff length (l) = 10;
probability level (ρ) = 0.15; and Huber weight parameter (H) = 1.5

East Asian–western North Pacific winter climate system
which has complexity because of effects of air-sea coupling.
The results of the change point detection using STARS
and CUSUM are presented in Fig. 1. Significant interdecadal changes in the EAWM occur in 1985 (from a strong
regime to a weak regime) and 2008 (from a weak regime
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to a strong regime) based on STARS and CUSUM, respectively (Fig. 1a). The extremes of CUSUM, which visually represent change points, are well matched the change
points from STARS. The change points based on STARS
and CUSUM are statistically significant at the 95% confidence level, except for the second change point based
on CUSUM which is significant at 86% confidence level.
Also, the same results show in most other datasets except
for JRA55 (Fig. 1b-e).
To decompose the EAWMI into several components
which have intrinsic frequency, EEMD is used (Fig. 2).
The EAWMI has four components (C1 to C4) and one
residual trend (Rn) for the period 1958–2015. Each component captures the variability on a time scale of 2.9, 6.4,
14.5, and 39.8 years, respectively, and the residual trend
is nonlinear. In order to examine which mode has most
dominant periodicity, the relative ratio of each mode to
the total variance is calculated. They contribute to approximately 35.4, 20.7, 16.1, 18.0, and 9.8% of the variance.
Based on Wu and Huang (2004)’s significant test, the
energy density and the averaged period for each mode of
EAWM index are examined (figure not shown). It turns
out that only C4 is significant at 95% confidence level.
C1 is significant at 85% confidence level, but C1 has the
largest variance among all components of EAWMI. Therefore, it can be described that the EAWM displays prominent interannual and interdecadal variation. Decomposed
components are largely divided into two components with
respect to interannual variability (IAV = C1 + C2, less than
10 years) and interdecadal variability including long-term
trends (IDV = C3 + C4+Rn, more than 10 years) (Fig. 3).
Even though IAV of the EAWMI contributes to more than
one-half of the variance, it is not of interest to us in this
study. Based on the IDV of the EAWMI, weak (strong)
EAWM phases correspond to a case in which the EAWM
in IDV component is above (below) zero. Here the analysis period into P1 (1960–1986), P2 (1987–2007), and P3
(2008–2015) is divided. There is good agreement between
the results of STARS and CUSUM.
However, there is a limitation of this EAWM. The surface air temperature is under the influence of the external
forcing, especially the anthropogenic forcing (greenhouse
gas and anthropogenic aerosol concentrations and landuse change) (Qian and Zhang 2015). In other words, it is
inevitable that human influence exists in IDV component,
particularly since the trend is included in that, whereas
the index using circulation variables may or may not contain human influence on EAWM. Although local urbanization effect hardly affects the variability of surface air
temperature, it can contribute to the trend of that (Qian
2016). Fortunately, the NCEP1 data have not well assimilated the surface processes because surface observations
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Fig. 2  a The original time series of 2 m air temperature anomaly
over East Asia (EA) during DJF for the period of 1958–2015. b–f
The intrinsic mode functions. c Components and a residual trend (Rn)
decomposed from (a)
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Fig. 3  a Interannual variability (IAV) and b interdecadal variability
(IDV) components of 2 m air temperature anomaly (K) over EA during DJF for the period of 1958–2015
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(Watanabe and Nitta 1999; Jeong et al. 2011; Ha et al.
2012; He and Wang 2013; Lee et al. 2013). On the one
hand, for the oceanic variables, the standard deviation of
the IDV component is larger than the standard deviation
of the IAV component. The largest standard deviation
of SST for the IDV component is observed along the
Kuroshio in the East China Sea. The Kuroshio not only
releases enormous heat flux to the atmosphere but also
transfers huge amounts of energy from low latitudes to
mid-high latitudes (Wu et al. 2010). This region corresponds to the large standard deviation regions of LHF.
The above equivalence indicates that interdecadal variations of SST and LHF may be related to each other. In
addition, the similar spatial patterns of standard deviation of LHF are found in Heo et al. (2012) which showed
the spatial patterns of total turbulent heat flux with
respect to western North Pacific SST on the interannual
and interdecadal scale.
3.2.1 Atmospheric variables

of temperature, moisture, and wind over land are not used
(Kalnay and Cai 2003), but the reanalysis data has assimilated atmospheric temperatures and other observations that
are affected by greenhouse gases and volcanic aerosols
(Cai and Kalnay 2004). In short, the effect of urbanization
and other land use isn’t included but the effect of greenhouse gases and volcanic aerosols still exists in the IDV
of EAWM to represent the interdecadal change of EAWM.
3.2 Spatial characteristics of interdecadal components
To explore the variability of atmospheric and oceanic
variables related to the EAWM over the Eurasian continent and NP, EEMD is applied. All variables are decomposed into C1 to C4 and Rn, and these are separated into
IAV and IDV component, as mentioned in Sect. 3.1. Figure 4 displays the standard deviations of the atmospheric
and oceanic variables for IAV and IDV components over
the Eurasian continent and NP. For atmospheric variables, the standard deviation of the IAV component is
larger than the standard deviation of IDV component,
but the standard deviation of IDV component isn’t small.
In T2m, the standard deviation of the IDV component in
the regions of EA ranges from 0.4 to 1.2 K and is close
to the standard deviation of the IAV component. In SLP,
the standard deviation in the regions of SH and AL is
large in both IAV and IDV component. Percentage variance explained by IDV component of SLP anomalies in
the regions of SH is larger than other areas, and is more
than approximately 50% in vicinity of Mongolia (figure
not shown). It implies that the SH and AL system play an
important role in determining the strength of the EAWM
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Spatial patterns of IDV components of atmospheric variables are displayed in Fig. 5. To compare the three periods,
the mean field is removed. During P1, the strong EAWM
is characterized by cold temperature anomalies over EA
(Fig. 5a). SLP anomalies are positive (negative) at latitudes
of 40–70°N (10–40°N) (Fig. 5b) and this north–south dipole
SLP pattern has been described by Kim et al. (2015). Positive SLP anomalies are found in the Eurasian continent and
denote the strengthening of the SH. The dipole SLP anomaly
pattern similar to a (-)NPO-like SLP pattern is also present
over the NP. There are anomalous northwesterly winds over
EA (Fig. 5b). On the contrary to this, P2 has the opposite
character to P1 (Fig. 5c, d).
During P3, the symmetric structure between cold temperature anomalies over the Eurasian continent and warm
temperature anomalies over the NP is found, and the magnitude of temperature anomalies is larger than that during P1
(Fig. 5e). The north–south dipole SLP pattern is also persistent, but anomalous anticyclonic circulation over the NP is
strongly enhanced and shifts to the upstream region of the
EA (Fig. 5f). These features are clearly distinguished from
those during P1. That is important because the dominant
contributor to the strengthening of EAWM may be different
depending on P1 and P3.
3.2.2 Oceanic variables
Figure 6 shows the spatial patterns of IDV components of
ocean variables. Warm (cold) SST anomalies are present
over the NP during P1 (P2) (Fig. 6a, c). SST anomaly pattern is described as a positive SST anomaly in the central
NP and a negative SST anomaly on the east coast of North
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Fig. 4  Standard deviation of: a 2 m air temperature anomalies (K), c
sea level pressure anomalies (hPa), e sea surface temperature anomalies (K), and g latent heat flux anomalies (W m−2) with respect to

IAV during DJF for the period of 1958–2015. b, d, f, h are same as a,
c, e, and g except with respect to IDV

America during P3 (Fig. 6e). It is associated with analogous to a negative Pacific Decadal Oscillation (PDO)-like
SST anomaly pattern. SST anomalies pattern has similar
characteristics to surface temperature anomalies pattern
during P1 and P2, whereas SST anomalies pattern during
P3 is analogous to that during P2 because SST has a low
frequency variability against atmosphere. It shows the local

SST forcing can play a more critical part on EAWM during
P1 and P2 than during P3.
The LHF anomaly distribution is usually in accordance
with SST anomaly distribution (Fig. 6b, d, f). However, the
anomalous LHF is not well matched to the anomalous SST
in the central North Pacific during P3, and it is analogous
to Seager et al. (2001) (Fig. 6e, f). It may be because the
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Fig. 5  Spatial patterns of: a 2 m air temperature anomalies (K) and
b sea level pressure anomalies (hPa) and wind at 850 hPa (m s−1)
for the IDV component during P1. c–f Are same as a, b except for

P2 (P3), respectively. The climatology is based on data from 1958 to
2015. The green box indicates the EA domain

dynamic and thermodynamic process at the air-sea interface
contribute to SST change. Fang and Yang (2015) analyzed
the relative contributions of the three processes to largescale SST cooling in the NP in positive PDO phase using
the anomalous SST tendency equation. They showed that
the SST changes in NP induced by surface heat flux anomaly
and meridional advection are very large, while the those
induced by Ekman pumping anomaly is relatively small.
Especially, the contribution of surface heat flux anomaly to
SST changes is more substantial in western North Pacific,
while the meridional advection anomaly contributes greatly
to SST changes in central North Pacific (Fig. 4f–h in Fang
and Yang 2015). In other words, the SST changes in NP
involve the various process at the air-sea interface besides
diabatic heating.

4 Possible causes of the interdecadal changes

13

4.1 Mid‑1980 s
To understand the transition of the EAWM from P1 to P2,
changes in atmospheric and oceanic variables with respect to
the IDV component between P2 and P1 are explored (Fig. 7).
A significant increase of temperature occurs over the Eurasian continent and the NP (Fig. 7a). SLP anomalies significantly increase (decrease) at latitudes of 10–40°N (40–70°N)
(Fig. 7b). SLP difference in the NP resembles a (+)NPO-like
SLP pattern, which is demonstrated by anomalous cyclonic
circulation in the AL region and anomalous anticyclonic
circulation in the subtropical Pacific (Rogers 1981; Yeh
and Kim 2010; Lee et al. 2013). An enhanced (+)NPO-like
SLP pattern leads to anomalous southeasterly winds and
diminishes southward invasion of cold air. Yeh et al. (2011)
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Fig. 6  Spatial patterns of: a sea surface temperature anomalies (K) and b latent heat flux anomalies (W m−2) on IDV component during P1. c–f
are same as a, d except for P2 (P3), respectively. The climatology is based on data from 1958 to 2015

suggested that the North Pacific Gyre Oscillation (NPGO)like SST pattern associated with the NPO is significantly
enhanced after the late 1980s, and it is influenced by the
atmospheric circulation originating from high latitude and
interactions between these atmospheric circulations and SST
over the NP. A NPGO-like SST pattern is found over the NP
(Fig. 7c). Meanwhile, Sun et al. (2016b) showed that this
SST pattern can enhance the NPO by changing air-sea interactions over the NP and can weaken the East Asian trough
and that this weakened trough consequently brings about a
weaker cold surge through observations and the numerical
experiment.
To scrutinize each effect on the weakening of the EAWM,
atmospheric and oceanic variables are regressed onto the
SH and NPO indices during P1 and P2. In this study, the
SH and NPO indices are designed to emphasize feature of
SLP differences (Fig. 7b). The spatial pattern of SLP differences is divided as follows: A1 (40–70°N, 60°E–140°E),

A2 (10–40°N, 140°E–120°W), and A3 (40–70°N,
140°E–120°W). Because the Tibetan Plateau is in the region
of 10–40°N, 60–140°E, that region is not considered. The
SH index is defined as the area-averaged SLP anomalies in
A1, and the NPO index is defined as the difference in SLP
anomalies between A2 and A3 and is well correlated with
the NPO index defined as the second principal component
of the empirical orthogonal function in SLP over the NP
(20–80°N–120°E–120°W) (Overland et al. 2008). Spatial
patterns of atmospheric and oceanic anomalies associated
with a negative SH phase and a positive NPO phase are
given in Fig. 8. When the SH index is negative, warm temperature anomalies are found in Eurasian continent, except
for the region of Tibetan Plateau (Fig. 8a). SLP anomalies
exhibit an east–west dipole SLP anomaly pattern. These
circulations promote anomalous southeasterly winds over
EA (Fig. 8c). The SST anomaly is positive over the western North Pacific (Fig. 8e). The positive phase of the NPO
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oceanic variables is conducted (Fig. 9). It is referred to
as (−)SH(+)NPO. This case is defined when both indices are more (less) than 0.4 (−0.4) standard deviation.
(−)SH(+)NPO case has atmospheric and oceanic characteristics that are represented in Fig. 7. The combined
effect of (−)SH and (+)NPO enhances an overall increase
of surface temperature anomalies over Eurasian continent
except for the region of Tibetan Plateau and western North
Pacific (Fig. 9a). It is because an anomalous southeasterly which prohibits the southward migration of cold temperature anomalies is induced over the EA (Fig. 9b). The
EAWM is mostly driven by the thermal contrast between
the Eurasian continent and the North Pacific. The thermal
contrast between the two regions leads the pressure gradient, and this gradient brings anomalous winds over the
EA. When (−)SH and (+)NPO are occurred at the same
time, the northwest-southeast surface pressure gradient is
generated around the EA. There are significant warm SST
anomalies over the western North Pacific (Fig. 9c). On the
other hand, the cases of (−)SH(−)NPO don’t describe the
significant warming over the EA. Because there is not a
significant surface pressure gradient over the EA (figure
not shown). It means that the weakening of the SH may not
affect the surface air temperature over the EA depending
on the phase of NPO.
4.2 Late 2000s

Fig. 7  Differences of: a 2 m air temperature (K), b sea level pressure
(hPa) and wind at 850 hPa (m s−1), and c sea surface temperature (K)
on IDV component between P2 (1987–2007) and P1 (1960–1986).
The green dots represent the values significant at the 95% confidence
level

is associated with warm temperature anomalies over the
EA and western North Pacific (Fig. 8b). SLP anomalies
over the NP significantly increase (decrease) at latitudes
of 10–40°N (40–70°N) and enhance anomalous southeasterly winds (Fig. 8d). The SST pattern resembles the NPGO
pattern described by a north–south dipole structure of SST
anomalies straddling 40°N (Fig. 8f). In summary, both (-)
SH and (+)NPO variability can contribute to the weakening
of the EAWM, but each can’t exactly describe the important
features as presented in Fig. 7.
To concurrently examine these effects of two distinct
climate patterns, a composite analysis of atmospheric and
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Compared with P2, P3 has a significant symmetric structure between the cold temperature anomaly over Eurasian
continent and warm temperature anomaly over the NP
(Fig. 10a). The north–south dipole SLP pattern is persistent during P3, but the positive SLP anomaly over the NP
is much stronger and located upstream of EA (Fig. 10b).
This strong anomalous anticyclonic circulation over the NP
indicates that the AL weakens. In general, strong EAWM
is characterized by a stronger than normal AL and SH,
but the AL is rather weak during P3. A (−)PDO-like SST
pattern is found over the NP during P3 (Fig. 10c). PDO
is the dominant climate variability in the NP on decadal
and interdecadal timescales (Krishnam and Sugi 2003;
Schneider and Cornuelle 2005; Fang and Yang 2015), and
arises from the variability of the AL (Newman et al. 2016).
There is increasing evidence that PDO plays a critical role
in mid-latitude climate. Interdecadal fluctuations of SST
associated with the PDO and the Indian summer rainfall
have a coherent inverse relationship (Krishnam and Sugi
2003; Krishnamurthy and Krishnamurthy 2013), and the
coastal air temperature in Japan manifests the PDO-related
regime shifts (Minobe 1997).
To recognize the impacts of climate variability on the
strengthening EAWM, atmospheric and oceanic variables are regressed onto SH and PDO during P2 and P3,
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Fig. 8  Regressed fields of: a 2 m air temperature (K), c sea level
pressure (hPa) and wind at 850 hPa (m s−1), and e sea surface temperature (K) onto (−)SH index during P1 and P2 (1960–2007). b, d,

f Are same as a, c, e except for (+)NPO index. The green dots represent the values significant at the 95% confidence level

respectively (Fig. 11). During the positive SH phase, the
surface temperature anomaly is significantly negative over
EA (Fig. 11a). SLP anomalies in the region of SH significantly increase and induce anomalous northerly winds. In
contrast with P1 and P2, the strengthening of the AL associated with SH variability was not significant during this
period (Fig. 11c). The negative phase of PDO is characterized by a positive temperature anomaly in the central NP and
a negative temperature anomaly on the east coast of North
America, and the SST anomaly pattern associated with
this phase bears a striking likeness to surface temperature
anomaly pattern (Fig. 11b, f). In addition, this basin-scale
SST warming over the NP is associated with anticyclonic
circulation in north of the warm SST anomaly center, and
this circulation which indicates suppressed AL generates
a southeasterly wind anomaly over EA during P2 and P3
(Fig. 11d).

Figure 12 represents composite fields of atmospheric
and oceanic variables to examine these combined effects
of (+)SH and (−)PDO on the EAWM. It is referred to as
(+)SH(−)PDO. The atmospheric and oceanic characteristics during P3 are well described in the (+)SH(-)PDO
case. When combined with (+)SH and (−)PDO, a large
temperature difference between cold temperature anomalies over the Eurasian continent and warm temperature
anomalies over the NP is represented and it is analogous
to the pattern of SST anomalies over the NP (Fig. 12a,
c). The anomalous anticyclone on the north side of Eurasia associated with (+)SH converges with the anomalous
anticyclone over the NP related to (−)PDO in the region
of EA. The pressure gradient between two anomalous
anticyclones over the Eurasia and NP induce the anomalous northeasterly winds over the EA, and these enhanced
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Fig. 9  Composite maps of: a 2 m air temperature anomalies (K), b
sea level pressure anomalies (hPa) and wind anomalies at 850 hPa
(m s−1), and c sea surface temperature anomalies (K) for the case of
(−)SH(+)NPO during P1 and P2 (1960–2007). The green dots represent the values significant above the 90% confidence level

Fig. 10  Differences of: a 2 m air temperature (K), b sea level pressure (hPa) and wind at 850 hPa (m s−1), and c sea surface temperature (K) on IDV component between P3 (2008–2015) and P2 (1987–
2007). The green dots represent the values significant at the 95%
confidence level

northeasterly winds bring cold air from high latitude
regions into EA (Fig. 12b).

(+)NPO is shown in Fig. 13a. The weakened SH is united
with an anomalous circulation related to (+)NPO, and a
north–south dipole SLP anomaly in most of the Eurasian
continent and NP is developed. This anomalous circulation prohibits the southward migration of cold temperature
anomalies and give rise to weakened EAWM. Especially,
the northwest-southeast surface pressure gradient, which is
enhanced around the EA, bring the anomalous southeasterly winds. However, the change occurred around late 2000s
is explained as another process (Fig. 13b). The anomalous
northeasterly winds caused by the anomalous anticyclone
over the NP related to (−)PDO and the strengthened SH are

5 Summary and discussion
This study reveals that the intensity of the EAWM experienced remarkable transition around mid-1980s and late
2000s. To identify the probable reasons of interdecadal
changes in the EAWM associated with climate variabilities, two combined effects are considered. A schematic
diagram to illustrate the combined effect of (−)SH and
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Fig. 11  Regressed fields of: a 2 m air temperature (K), c sea level
pressure (hPa) and wind at 850 hPa (m s−1), and e sea surface temperature (K) onto (+)SH index during P2 and P3 (1987–2015). b, d,

f Are same as a, c, e except for (−)PDO index. The green dots represent the values significant at the 90% confidence level

enhanced over the EA, transfer cold temperature anomalies
into EA, and eventually lead to strengthened EAWM. The
most cases of (−)SH(+)NPO and (+)SH(−)PDO belong to
P2 and P3, respectively. In other words, the number of cases
of (−)SH(+)NPO is increasing during P2, and the number of
cases of (+)SH(−)PDO is increasing during P3. Since these
short-term trends exist, it is perceived that the interdecadal
variation in EAWM have been controlled by these trends.
This study has great implications for improving our
understanding of interdecadal change in the EAWM associated with climate variability. First, the SH, which has more
direct and significant effects on the EAWM, may be an
effective indicator than other factors in the EAWM, but it
is impossible to investigate interdecadal changes of EAWM
depending on only SH. Second, some climate variabilities such as NPO and PDO have some connection with the
decadal and interdecadal change in the EAWM, but their

relationships are significant or insignificant depending on
periods.
However, it is still ambiguous what causes the atmospheric circulation to change in the SH. Sun et al. (2016a)
found that the loss of the sea ice over Arctic brings to a
stronger SH than a normal SH through both thermodynamical and dynamical processes. When Arctic sea ice is
less, more snow cover is present over the Eurasian continent and makes the SH strong by cooling the surface in
the SH region. Also, the loss of the sea ice over Arctic
gives rise to the weak zonal wind in upper level which
can contribute to the development of an anomalous ridge
over the Ural Mountain, and the induced anomalous ridge
enhance the strong SH by extending downward and eastward. Meanwhile, Ye et al. (2015) indicated that the snow
cover decrease over Eurasia during the late-1980s could
be a result of atmospheric circulation change induced by
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Fig. 13  A schematic diagram to illustrate the combined effect of: a
(−)SH and (+)NPO and b (+)SH and (−)PDO associated with the
EAWM
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